Three rapid, simple, reproducible and sensitive spectrophotometric methods (A, B and C) are described for the determination of two organophosphorus pesticides, (malathion and dimethoate) in formulations and vegetable samples. The methods A and B involve the addition of an excess of Ce 4+ into sulphuric acid medium and the determination of the unreacted oxidant by decreasing the red color of chromotrope 2R (C2R) at a suitable λ max = 528 nm for method A, or a decrease in the orange pink color of rhodamine 6G (Rh6G) at a suitable λ max = = 525 nm. The method C is based on the oxidation of malathion or dimethoate with the slight excess of N-bromosuccinimide (NBS) and the determination of unreacted oxidant by reacting it with amaranth dye (AM) in hydrochloric acid medium at a suitable λ max = 520 nm. A regression analysis of Beer-Lambert plots showed a good correlation in the concentration range of 0.1-4.2 μg mL −1 . The apparent molar absorptivity, Sandell sensitivity, the detection and quantification limits were calculated. For more accurate analysis, Ringbom optimum concentration ranges are 0.25-4.0 μg mL −1 . The developed methods were successfully applied to the determination of malathion, and dimethoate in their formulations and environmental vegetable samples.
The chemical structure of malathion and dimethoate is shown in Figure 1 . Due to its wide use and toxicity, several methods like liquid chromatography with mass spectrommetry (LC-MS) [6] [7] [8] , titrimetry [9] , voltammetry [10, 11] , gas chromatography (GC) [12] [13] [14] [15] , high performance liquid chromatography (HPLC) [16] , atomic absorption spectrophotometry (AAS) [17] and spectrophotometry [18--21] have been reported in the literature for the determination of organophosphates. Most spectrophotometric procedures involve the determination of organophosphorus insecticides by total phosphorus measurement, based on the formation of molybdenum blue using various reducing agents [4, 19] .
Some of these methods suffer from poor sensitivity, instability of color or involve extraction where as others suffer from the interference with arsenic and copper, blank absorption or longer time required for color development. To overcome these drawbacks, a rapid and sensitive method has been proposed for the determination of the studied organophosphorus insecticides.
Cerium(IV) sulfate and N-bromosuccinimide (NBS) are a versatile oxidimetric reagents. Due to its high oxidation potential and excellent solution stability, they were used for the quantitative determination of many compounds [22] [23] [24] [25] [26] [27] .
Because of its simplicity, speed, sensitivity, reasonable accuracy and precision, and cost-effectiveness, visible spectrophotometry continues to be the preferred technique in laboratories of developing and underdeveloped nations which can afford expensive chromatographic and related techniques.
The present methods are based on the oxidation of the organophosphorus insecticides with slight excess of cerium(IV) sulfate and N-bromosuccinimide (NBS) to form oxidation products. The unconsumed cerium(IV) sulfate was measured by a decrease in the red color of chromotrope 2R (C2R) at λ max = 528 nm and a decrease in the orange pink color of rhodamine 6G (Rh6G) at λ max = 525 nm, whereas the unreacted N-bromosuccinimide was then estimated with the decrease in the color intensity of amaranth dye (AM) at λ max = 520 nm. The methods have been successfully applied for the determination of malathion and dimethoate in formulations and insecticide residues in various vegetable samples.
EXPERIMENTAL Apparatus
All absorption spectra were made using Kontron 930 UV-Vis spectrophotometer (German) with a scanning speed of 200 nm/min and a band width of 2.0 nm, equipped with 10 mm matched quartz cells. Hanna pH--meter instrument (Portogal) (HI: 9321) was used for checking the pH measurements.
Reagents and materials
All chemicals were of analytical grade and double distilled water was used throughout the experiment.
Stock solution of organophosphorus insecticides (malathion, and dimethoate) (ONYX/ADCO, Egypt) were prepared by dissolving 100 mg of insecticide (technical forms and formulations) in a minimum amount of glacial acetic acid (Merck) and then diluting to 100 mL with distilled water. Working standards 20 μg mL -1 were prepared by the appropriate dilution. A solution of cerium(IV) sulfate Ce(SO 4 ) 2 ·4H 2 O (May and Baker; 3.0×10 -3 M) was prepared by dissolving the known weight of Ce(SO 4 ) 2 in the least amount of warm 1.0 M sulfuric acid in a 250 ml calibrated flask, then diluted with the same acid to the mark.
An aqueous solution of 0.01% (w/v) N-bromosuccinimide (NBS) (Aldrich) was freshly prepared. A solution of 4.0 M HCl was prepared and standardized prior to use, as recommended previously [23, 28] .
The aqueous solution of chromotrope 2R (C2R) (Aldrich; 5.0×10 -3 M) and rhodamine 6G (Rh6G) (BDH; 1.0×10 -3 M), amaranth (AM) (Merck; 1.0×10 -3 M) was prepared by dissolving an accurate weight of dye in the least amount of water and completed to the mark in a 100 ml calibrated flask.
Methods

Methods A and B
An aliquot of the sample solution containing 5.0--105 μg mL -1 of malathion, and 5.0-90 μg mL -1 of dimethoate were transferred into a series of 25 mL calibrated flasks, containing an excess 2.0 mL of 3.0×10 -3 M Ce 4+ dissolved in 1.0 M H 2 SO 4 and then the solution was boiled in a water bath for 5.0 min. The solution was cooled and 0.8 mL of 5.0×10 -3 M of C2R was added for method A, or 0.7 mL of 1.0×10 -3 M of Rh6G was added to the hot solution for method B. The volume was completed to 25 mL with water and a decrease in color intensities of C2R or Rh6G were measured spectrophotometrically at their corresponding maximum wavelengths 528 or 525 nm, respectively against a reagent blank. A blank without insecticide (dye and Ce(SO 4 ) 2 ) and dye (devoid of insecticide and Ce(SO 4 ) 2 ) were prepared in a similar manner and its absorbance was measured against distilled water. A decrease in absorbance corresponding to the consumed oxidant which reflects the insecticide concentration was obtained by subtracting a decrease in absorbance of the test solution (dye minus test) from that of the blank solution (dye minus blank). The concentration range was determined in each case by plotting a decrease in absorbance of the dye (∆A) against the amount of the insecticide at the corresponding λ max . Method C An aliquot of the sample solution containing 2.5--90 µg mL -1 of malathion and 5.0-75 µg mL -1 of dimethoate were transferred into a series of 25 mL calibrated flasks, to which 3.0 mL of 0.01% (w/v) NBS, 2.0 mL of hydrochloric acid (4.0 M) and 2.0 mL of 1.0% KBr were added successively; the solution was kept aside with occasional shaking for about 10 min at ≈25-30 °C and then 0.75 mL of (1.0×10 -3 M) of AM. The volume was completed to 25 mL with water. The absorbance was measured at λ max of 520 nm against a reagent blank. A blank without insecticide (dye and NBS) and the dye (devoid of insecticide and NBS) were prepared in a similar manner and its absorbance was measured against the distilled water. A decrease in absorbance corresponding to the consumed oxidant which reflects the insecticide concentration was obtained by subtracting the decrease in absorbance of the test solution (dye minus test) from that of the blank solution (dye minus blank). A calibration graph was prepared by plotting the decrease in absorbance of the dye (∆A) against the amount of the insecticide.
Assay procedure for formulations
The contents of three bottles of malathion lotion (Quick, 0.5%) were mixed and the average volume for one bottle was determined. An aliquot of the solution equivalent to 10 mg malathion was transferred to 100 mL calibrated flask and dissolved in a minimum amount of glacial acetic acid and made up to the mark with bidistilled water. The above stated procedures described were applied to determine malathion concentration. This solution was further diluted stepwise to the requested concentration with water and then analyzed by the recommended procedure.
RESULTS AND DISCUSSION
These methods involve two steps namely: 1. The reaction of malathion or dimethoate with an excess of oxidant Ce(SO 4 ) 2 in acid medium under the effect of heating or NBS giving products involving oxidation.
2. The estimation of the excess oxidant by measuring the decrease in color of C2R or Rh6G using Ce(SO 4 ) 2 at λ max 528 or 525 nm for C2R or Rh6G, respectively or amaranth dye (AM) using NBS at λ max 520 nm.
The influence of each of the following variables on the reaction was tested.
Effect of acid concentration
In methods A and B, the most suitable acid to be used with Ce 4+ was found to be sulfuric acid of 1.0 M if present as 2.0 mL in the total volume of the reaction mixture (25 mL).
In method C, the optimum acid of the examined (sulfuric, hydrochloric, nitric, phosphoric and acetic acids) was hydrochloric acid of 4.0 M concentration. Moreover, 2.0 mL of 4.0 M HCl was chosen as an optimum volume in 25 mL total volume.
Effect of temperature and time
In methods A and B, sample solutions containing organophosphorus insecticides (malathion and dimethoate), Ce 4+ and H 2 SO 4 were heated at different temperatures ranging from 30 to 100 °C. The results obtained indicated that the reaction is catalyzed by heat and is maximum at 100 °C. The time required to complete the reaction is 5.0 min. In method A, the solution must be cooled for at least 3.0 min before the addition of C2R. In method B, the addition of Rh6G to the hot solution gives the maximum absorbance.
In method C, the reaction takes place completely in the presence of KBr after 10 min of mixing and shaking. Raising the temperature does not accelerate the oxidation process and does not give reproducible results, so the optimum temperature is ambient (25±1 °C). The effect of time after adding the dye indicated that shaking for 1.0 min is sufficient to give reliable results.
Effect of dye concentration
In methods A and B, to establish the optimum concentration of the reagent, different volumes of 5.0×10 −3 M C2R or 1.0×10 −3 M Rh6G solution were used (Figure 2 ). The optimum volume used for the production of maximum and reproducible color intensity is 0.8 mL of C2R or 0.7 mL of Rh6G.
In method C, different volumes (0.2-1.0 mL) of 1.0×10 −3 M AM dye were used. The optimum volume used for the production of maximum and reproducible color intensity is 0.75 mL (Figure 2 ).
Effect of sequence of addition
Insecticide-acid-oxidant-KBr-(dye) is the optimum sequence of the addition; other sequences gave lower absorbance values under the same experimental conditions.
Effect of KBr
Two mL of KBr (1.0%) was chosen as the optimum volume in 25 mL total volume to accelerate the oxidation process.
Molar ratio
Ce(SO 4 ) 2 reacts with organophosphorus insecticides (malathion and dimethoate) with the consumption of 25 mol of Ce(SO 4 ) 2 per each mole of organophosphorus insecticides giving a mixture of products. The remaining Ce 4+ reduces the color intensity of C2R or Rh6G through disruption of the conjugation system in the dye.
NBS reacts with malathion and dimethoate with consumption of 6.0 mol of NBS per each mole of malathion and dimethoate giving a mixture of products. The remaining oxidant reduces the intensity of red color of AM dye through disruption of the conjugation system in the dye.
The remaining colours stay constant in absorbance for at least 48 h, and then slightly decrease afterwards.
Method validation
Linearity
At described experimental conditions for malathion and dimethoate determination, standard calibration curves for malathion and dimethoate with Ce 4+ or NBS and dyes were constructed by plotting a decrease in absorbencies vs. concentrations. The statistical parameters were given in the regression equation calculated from the calibration graphs, along with the standard deviations of the slope (S b ) and the intercept (S a ) on the ordinate and the standard deviation residuals (S y/x ).
The linearity of calibration graphs was proved by high values of the correlation coefficient (r) and small values of the y-intercepts of the regression equations.
The apparent molar absorptivities of the resulting colored solution and relative standard deviation of response factors for each proposed spectrophotometric method were also calculated and recorded in Table 1 . The molar absorptivity of B > A > C method for malathion, whereas for dimethoate, the molar absorptivity for B > C >A was found.
Sensitivity
The detection limits (LOD) for the proposed methods were calculated using the following equation According to this equation, the limit of quantitation were found to be 0.074, 0.15 and 0.07 µg mL −1 for malathion, whereas for dimethoate the detection limits were found to be 0.187, 0.123 and 0.103 µg mL −1 for A, B and C method, respectively.
Specificity, precision, and accuracy
Specificity of the oxidation-reduction reaction and selective determination of malathion and dimethoate with Ce 4+ or NBS and dyes could be possible. The percentage relative standard deviation (RSD) as precision and percentage relative error (Er / %) as accuracy of the suggested methods were calculated. The precision was carried out by six determinations at four different concentrations in these spectrophotometric methods. The percentage relative error was calculated using the following equation: Figure 2 . The effect of added dyes on absorbance of 2.0 µg mL -1 of malathion using the proposed methods A-C.
Er [%] = ((found -added)/added)×100
The inter-day precision and accuracy results are shown in (Table 2) . These results of accuracy and precision show that the proposed methods have good repeatability and reproducibility.
Robustness and ruggedness
For the evaluation of the method robustness, some parameters were interchanged: Ce 4+ or NBS concentration, dye concentration, wavelength range, and time. The capacity remains unaffected by small deliberate variations. Method ruggedness was expressed as RSD of the same procedure applied by two analysts and in two different instruments on different days. The results showed no statistical differences between different analysts and instruments suggesting that the developed methods were robust and rugged. had negligible interference. Phenol was the most expected interference (Table 3) .
Analytical application
The proposed methods were successfully applied to determine malathion and dimethoate in formulations. Six replicate determinations were made. Therefore it is concluded that the excipients in formulations of malathion and dimethoate were not found any interference. The results obtained by the standard addition method were compared statistically by student's t-test (for accuracy) and variance ratio F-test (for precision) with the reported method [21] at the 95% confidence level with five degrees of freedom (Table 4 ). The results showed that the t and F-values were less than the critical value [29] indicating that there was no significant difference between the proposed and reported method [21] . Because the proposed methods were more reproducible with high recoveries, they can be recommended for the routine analysis in majority of the insecticide quality control laboratories.
To check the recovery of organophosphorus insecticide, various vegetable samples free from organophosphorus insecticide were taken and treated with known amounts of insecticide and kept for 24 h. The samples were then washed with ethanol and the washings were collected in a boiling tube. Aliquots of these washings were used for the determination of organophosphorus insecticides by the proposed method. The recoveries range from 93.85 to 96.45 % and the results are summarized in Table 5 .
CONCLUSIONS
All the proposed methods were advantageous over other reported visible spectrophotometric methods with respect to their higher sensitivity, simplicity, reproducibility, precision, accuracy and stability of colored species. The proposed methods can be applied for the routine analysis and in the quality control laboratories for the quantitative determination of the studied organophosphorus insecticides in raw materials, in formulations and the determination of insecticide residue in vegetable samples. 
